Abstract Despite significant improvement in outcomes for patients with hematologic malignancies and solid tumors over the past 10 years, patients with primary or metastatic brain tumors continue to have a poor prognosis. A primary reason for this is the inability of many chemotherapeutic drugs to penetrate into the brain and brain tumors at concentrations high enough to exert an antitumor effect because of unique barriers and efflux transporters. Several studies have been published recently examining the central nervous system pharmacokinetics of various anticancer drugs in patients with primary and metastatic brain tumors. To summarize recent advances in the field, this review critically presents studies published within the last 9 years examining brain and cerebrospinal fluid penetration of clinically available anticancer agents for patients with central nervous system tumors.
Introduction
cancer death [1] . The 5-year survival rate for pediatric CNS tumors varies widely dependent upon tumor type with patients with glioblastoma tumors having an 18 % survival rate compared with patients with pilocytic astrocytoma who have a 97 % survival rate [1] . In addition to primary CNS tumors, the frequency of CNS metastases in patients with hematologic malignancies and solid tumors is increasing and treatment options for these patients remain limited [2] . The incidence and unfavorable prognosis of patients with primary CNS tumor and CNS metastases highlight the need for the development of new and more successful therapies. It is imperative that researchers in the field of drug development for these indications incorporate knowledge on the unique pharmacokinetic (PK) properties required for CNS drug penetration along with biological properties of the disease. Although many studies have been published describing the CNS PK of drugs used to treat brain tumors, interpretation of the results can be ambiguous because of varying study designs and methodologies. Thus, the objective of this review is to provide a comprehensive and critical assessment of PK studies from 2006 to present that have examined the CNS distribution of drugs used for the treatment of primary CNS tumors or CNS metastases (Table 1) .
Barriers to Anticancer Agent Penetration into the Brain

Physical Barriers
Blood-Brain Barrier
The blood-brain barrier (BBB) is a unique anatomic structure that effectively regulates passage of molecules into the CNS as a result of the complex interactions of endothelial cells, astrocytes, pericytes, transporters, and the extracellular matrix [3] . Although a diagram of the BBB is not provided in this manuscript, many reviews of the BBB include excellent figures of the brain/spinal physiological spaces and we point the reader to these references [3] [4] [5] [6] [7] . Both physiochemical and biological processes control the transfer of molecules across this barrier. Most lipophilic and certain hydrophilic compounds (depending on physiochemical properties) undergo transmembrane diffusion while the majority of hydrophilic compounds are transported by carrier-mediated transport processes [8] . Large molecules such as insulin and transferrin undergo transport by receptor-mediated endocytosis and other large molecules such as albumin or other plasma proteins undergo adsorptive endocytosis [8] .
Small molecules are often believed to penetrate the BBB and a limited number can cross the barrier by transcellular or paracellular transport. However, several factors prevent greater penetration including BBB anatomy, efflux transporters present at the BBB, and physiochemical properties of the molecule [9] . The ideal CNS therapeutic agent is generally \400 g/mol, has a high lipophilicity (log P *2.5), is nonpolar, not ionized, has low hydrogen bond capacity, is not a substrate for efflux transporters, and has a low level of protein binding [10] .
Blood-Cerebrospinal Fluid Barrier
The blood-cerebrospinal fluid (CSF) barrier (BCSFB) separates the blood from the CSF at the choroid plexus and the outer arachnoid membrane [8] . The choroid plexus, responsible for the majority of CSF production, contains fenestrated highly permeable capillaries at the blood-facing side surrounded by a monolayer of tight junction-forming epithelial (ependymal) cells facing the CSF side. Drug molecules in the systemic circulation arriving at the BCSFB may pass through capillary fenestrations, but penetration of the additional ependymal layer must be accomplished before the drug can reach the CSF [8] .
Unbound drug concentrations at the site of action are assumed to be the best predictor for pharmacodynamic (PD) effect and the CSF has been suggested as a surrogate for targets close to the ventricles. However, the common assumption that transport across the BCSFB is indicative of uptake into the brain parenchyma is misguided for several reasons. Drug concentrations across the brain can vary by orders of magnitude depending on the location of drug entry into the CSF. This is best illustrated by higher drug concentrations in the lumbar CSF compared with ventricular CSF concentrations after intravenous or intrathecal drug administration [11, 12] . Additionally, the presence of efflux transporters and tight junctions differentiate the BBB and BCSFB from other physiological membranes, which can result in unbound drug concentrations being different in the CSF than in the brain or tumor extracellular fluid concentrations (ECF) [13] . Indeed, preclinical studies have shown unbound drug in the CSF to be higher than brain ECF concentrations under presumed steady-state conditions and a clinical study showed similar results [14, 15] . Another consideration is CSF turnover, which occurs four to five times each day, resulting in a bulk flow of CSF from the CNS to systemic circulation yielding lower CSF drug concentrations [16] . Last, drugs entering the CSF via transport across the BCSFB are often rapidly exported back to systemic circulation owing to absorption by arachnoid villi or by bulk flow rates of CSF back into systemic circulation [17] . However, direct measurement of brain tissue concentrations clinically is uncommon and despite the discrepancies, CSF sampling is a more feasible strategy for investigating CNS drug concentrations. 
Blood-Brain Tumor Barrier
The blood-Brain tumor barrier (BBTB) is formed by a heterogeneous group of native brain and foreign tumor capillaries and is suggested to be leakier than the BBB based on contrast-enhanced magnetic resonance imaging [18] [19] [20] . Groothuis et al. described distinct microvessel populations that vary in permeability from continuous nonfenestrated capillaries similar to normal brain tissue to the presence of wide inter-endothelial gaps resulting in permeability to large molecules [21] . The wide gaps between endothelial cells would suggest an impaired BBB that could increase tumor exposure to anticancer agents. However, this leakiness may be a local feature while the majority of the BBTB permeability parallels the BBB, preventing sufficient penetration of anticancer agents and PD effect (e.g., tumor inhibition) [22, 23] . This is supported by preclinical work in two models of breast cancer brain metastases, which showed that even when the BBTB is impaired, increasing permeability, the amount of drug reaching the tumor is still not sufficient to achieve a cytotoxic response [24] . Thus, despite an impaired barrier in certain locations of the tumor, ''leakiness'' of the BBTB in general does not result in an increase in drug delivery sufficient for a PD response.
Efflux Transporters
In addition to the physical barriers, active efflux transporters on the membranes of the BBB and BCSFB limit 5-FU5-flurouracil, BID twice daily, PO oral, IV intravenous, IVT intraventricular, LA lung adenocarcinoma, NSCLC non-small-cell lung carcinoma, ALL acute lymphoblastic leukemia, CML chronic myelogenous leukemia, DIPG diffuse intrinsic pontine glioma, NHL non-Hodgkin's lymphoma, CSF cerebrospinal fluid, CNS central nervous system, N/A not available, ECF extracellular fluid concentrations, Met metastatic, RT radiation therapy penetration of certain agents into the CNS. Several recent reviews have detailed the roles of transporters at the BBB and BCSFB [25, 26] . Briefly, P-glycoprotein (P-gp/ ABCB1) is the most extensively studied ATP-binding cassette (ABC) transporter at both the BBB and BCSF barrier. P-gp is located on the luminal side of brain endothelial cells and thereby causes an efflux of anticancer agents that are substrates out of brain parenchyma, reducing the brain/plasma ratio of these agents and potentially leading to drug resistance [27] . P-gp expression on the apical side of choroid plexus ependymal cells causes an influx of substrates into the CSF, increasing the CSF/plasma ratios of these agents, highlighting the importance of knowing if drugs are substrates for P-gp when examining their CNS PK [28] . Breast-cancer-related protein (BCRP/ABCG2) and multi-drug resistance proteins can alter the transport of anticancer agents in and out of brain tissue [29] . Expression of these transporters in microvessels within brain tumors such as ependymoma can limit the penetration of certain agents into tumors and have a dramatic effect on CNS PK and PD properties [30] . Clinical trials using P-gp inhibitors to reduce drug resistance due to efflux and increase tumor penetration of anticancer agents have been unsuccessful largely because of poor compound potency (i.e., tolerable unbound systemic concentration much less than the K i value), and increased adverse drug effects attributable to transporter inhibitor single-agent treatment or the combination of the anticancer agent and the transporter inhibitor [31] . These results demonstrate the need for further development of more sophisticated transporter inhibitors to increase substrate penetration into the CNS.
CNS Penetration of Anticancer Agents Used to Treat CNS Tumors
Alkylating Agents
Alkylating agents, widely used for the treatment of many neoplasms, exert their effect by substituting alkyl groups for hydrogen atoms on DNA leading to the formation of cross links [32] . This large group of compounds is commonly divided into six separate classes including mustards, nitrosoureas, tetrazines, aziridines, platinating agents, and non-classical alkylating agents. This review highlights the two alkylating agents with recently published CNS PK: temozolomide (TMZ) and ifosfamide (IFO). TMZ, an alkylating agent of the tetrazine class, is currently indicated for the treatment of various brain tumors including astrocytoma and glioblastoma multiforme, and is in clinical trials for medulloblastoma and neuroblastoma [33, 34] . TMZ has a molecular weight of 194 g/mol, is 12-18 % protein bound, and has been shown to penetrate the BBB [34, 35] . Although TMZ is not a P-gp substrate, results from a recent study show that TMZ can downregulate P-gp expression in human BBB cells via disruption of Wnt3 signaling [36] .
In a recent feasibility study, Portnow et al. used intracerebral microdialysis (ICMD) to evaluate the neuropharmacokinetics of TMZ in seven patients with various types of CNS tumors [37] . TMZ was given as a single oral dose of 150 mg/mg 2 with plasma and dialysate samples from peritumoral brain interstitium (BI) collected at predetermined time points after dosing. The results showed a median ECF/plasma area under the curve (AUC) ratio of 0.18 with unbound TMZ concentrations in the BI rising more gradually and staying elevated longer than total plasma TMZ concentrations. A preclinical PK model derived from TMZ brain concentrations obtained from non-tumor-bearing rats predicted a human brain-to-plasma AUC ratio of 0.2, which corresponds with the results from the human study [38] . The results are also similar to TMZ measured in CSF obtained via lumbar puncture (median CSF/plasma ratio 0.30; range, 0.02-0.65) [39] . While this study demonstrated that using ICMD to determine the neuropharmacokinetics of TMZ is safe and feasible, certain limitations should be considered with regard to the measurement of TMZ concentrations. First, the ICMD probe was placed in peritumoral BI so the TMZ concentration measured may not be reflective of TMZ concentration in tumor tissue. Additionally, a common issue with some ICMD studies is the inability to perform in vivo recovery studies so the investigators use in vitro probe recovery to determine actual concentrations. However, in vivo recovery is typically lower than in vitro recovery values, which may result in underestimation of actual concentrations in the BI.
In a separate study, positron emission tomography (PET) was used to examine the tissue distribution of TMZ in glioma patients [40] . The authors examined seven PET scans from recurrent glioma patients. Five patients received oral 75-200 mg/m 2 /day TMZ over 5 days every 28 days, and two patients received the same daily TMZ dosage for 6-7 weeks. PET scans were acquired over 90 min on the last day of the cycle approximately 6 h after the last TMZ dose and plasma samples were taken during the scans. PET imaging showed a heterogeneous uptake of [methyl- 11- C]temozolomide into brain tumor tissue and suggested that the transport rate of TMZ into tumor tissue (K 1 = 0.052) was greater than into normal brain (K 1 = 0.033). Interestingly, while TMZ penetrated into the tumor tissue more rapidly and to a greater extent, it was also subsequently effluxed to the plasma more than in normal brain tissue, resulting in similar mean residence times between the two tissues. The authors also used a convolution approach to predict the tissue distribution of non-radioactive TMZ under different clinical dosing schedules. Similar to radiolabeled TMZ, peak tumor concentrations were predicted to be higher than peak brain TMZ concentrations. Their model also predicted the ratios of tissue to plasma exposure were *1.3 for glioma tumors and *0.9 for normal brain. These ratios are significantly higher than those found using ICMD (0.18) and CSF (0.31) sampling. These differences may be the result of: (1) the difference between total drug concentrations (from PET study) vs. unbound concentrations (from ICMD study), and (2) the different methodologies used to collect samples and measure TMZ concentrations in brain or tumor tissue (PET vs. ICMD).
Ifosfamide (IFO), an alkylating agent of the mustard class, is used to treat a variety of malignancies including non-Hodgkin's lymphoma and primary CNS lymphoma in adults, and Ewing sarcoma in children [41] [42] [43] . IFO is a prodrug that undergoes hydroxylation by cytochrome P450 isozymes to form the metabolite 4-hydroxy-ifosfamide (4-OH-IFO), which is unstable and spontaneously forms the highly active isophosphoramide mustard and acrolein. IFO has a low molecular weight, demonstrates minimal protein binding, is not a substrate for efflux transporters, and therefore it is thought to significantly penetrate the BBB [44] .
Recently, Kiewe et al. examined the penetration of IFO and 4-OH-IFO into the CSF of patients with CNS malignancies [45] . Twelve adults were administered IFO 1300-2000 mg/m 2 over 3 h via intravenous infusion on days 3-5 in addition to high-dose methotrexate (4000 mg/ m 2 ) over 4 h on day 1. Plasma samples were collected before or immediately after IFO infusion and a single CSF sample via lumbar puncture was taken 10 min after the end of IFO infusion. For patients with measurable CSF concentrations, the median (range) IFO CSF/plasma and 4-OH-IFO CSF/plasma ratios were 0.38 (0.18-0.72) and 3.07 (0.62-29.12), respectively. Significant inter-patient variability was observed for both IFO and 4-OH-IFO, and no 4-OH-IFO was detected in 35 % of the CSF samples collected. These results agree with previous studies reporting median CSF/plasma ratios for IFO metabolites that vary from 0 to 3.2, with high inter-patient variability that may explain differences in response [46] [47] [48] [49] . In contrast to previous reports, however, no significant differences in IFO or 4-OH-IFO CSF penetration were observed in the presence of corticosteroids [48] . While the results from Kiewe et al. demonstrate that IFO and 4-OH-IFO penetrate into the CSF in a subset of patients, the large inter-patient variability, small sample size, and limited sampling strategy (non-serial sampling) used limit the applicability of these results to other clinical scenarios.
Nucleoside Analogs
Nucleoside analogs structurally resemble endogenous nucleosides and induce cytostatic or cytotoxic effects when incorporated into cellular DNA or RNA. Because of their relatively low molecular weight and structural identity with endogenous nucleosides, nucleoside analogs have a high probability for CNS penetration.
Gemcitabine (dFdC, 2 0 , 2 0 -difluorodeoxycytidine) a pyrimidine nucleoside analog, is US Food and Drug Administration (FDA) approved for the treatment of various solid tumors such as ovarian, breast, non-small-cell lung, and pancreatic cancers. Gemcitabine has been tested for the treatment of various brain metastases in combination with other chemotherapy or targeted therapy [50] [51] [52] , and is currently under investigation for the treatment of pediatric medulloblastoma (NCT01878617). After intracellular transport, gemcitabine is enzymatically converted to the active metabolites gemcitabine di-or triphosphate by deoxycytidine kinase or the inactive metabolite difluorodeoxyuridine (dFdU) by cytidine deaminase. Gemcitabine pharmacology has been reviewed extensively in detail elsewhere [53] . Gemcitabine has a molecular weight of 263 g/mol, negligible protein binding, and is not a substrate for efflux transporters, making it an attractive candidate for the treatment of CNS tumors.
In a phase I trial, Bernardi and colleagues examined gemcitabine CSF PK after intraventricular gemcitabine administration in eight pediatric and adult patients with neoplastic meningitis [54] . Gemcitabine was administered via lumbar puncture or Ommaya reservoir at a dose of 5 mg over 5 min once or twice per week, and plasma and CSF were sampled pre-and serially up to 24 h post-drug administration. Neither gemcitabine nor dFdU was detected in the plasma. The gemcitabine CSF half-life (t 1/2 ) was 61 ± 50 min and the maximal CSF concentration (C max ) was 939 ± 384 lM, comparable to concentrations achieved in non-human primates (NHP) receiving intraventricular gemcitabine 5 mg [55] . However, given a 10-fold difference in CSF volume between two species (NHP \ human), the 5-mg NHP dose is equivalent to 50 mg in humans. This indicates that despite a comparable CSF C max , NHP exhibit a higher gemcitabine clearance compared with humans. Consistent with lower gemcitabine clearance in humans, formation of the inactive metabolite, dFdU, was lower in human CSF (median gemcitabine/ dFdU CSF AUC ratio *0.011, range 0.003-0.017) compared with NHP (median gemcitabine/dFdU CSF AUC ratio *1.20) indicating a higher cytidine deaminase activity in NHP [55] . In a separate study in adult patients with recurrent glioblastoma multiforme, Sigmond et al. measured gemcitabine and dFdU in plasma and tumor samples. Patients received gemcitabine 500 or 1000 mg/m as a 30-min infusion, and blood samples were collected before and 30 min after infusion, and at the time of tumor collection (1-4 h after gemcitabine infusion) [56] . Gemcitabine and dFdU concentrations in glioblastoma tumors were 0.06-3.58 nmol/g tissue and 29-72 nmol/g tissue, respectively. Gemcitabine and dFdU plasma concentrations at the time of tumor collection ranged from below the limit of quantitation (BQL), 0.019-9.2 lM and 24.8-42.7 lM at the 500 mg/m 2 dosage and BQL-3.4 lM and 45.6-72.6 lM at the 1000 mg/m 2 dosage, respectively. It is important to note that tumor samples were collected as biopsy specimens during surgery, and residual blood contamination could significantly contribute to tumor concentrations of gemcitabine and metabolites observed.
Capecitabine, a prodrug of the pyrimidine analog 5-flurouracil (5-FU), is FDA approved for the treatment of colorectal and breast cancer and is currently in clinical trials with radiation therapy in pediatric glioma [57] . Capecitabine has a molecular weight of 359 g/mol, is \60 % protein bound, and based upon preclinical studies is poorly CNS penetrant [58] .
Morikawa et al. studied the disposition of capecitabine and its metabolites in serum and breast cancer brain metastases from patients undergoing surgical resection who received a single oral dose of 1250 mg/m 2 capecitabine (n = 8) given 2-3 h prior to surgery [59] . The median concentrations of capecitabine and 5-FU observed in tumors were 0.81 and 1.81 lM, respectively, whereas median tumor-to-serum concentration ratios at the time of tumor collection were 0.28 and 5.64, respectively. Large between-and within-patient variability was observed in the tumor concentrations of capecitabine and its metabolites.
Topotecan
Topotecan (TPT) is currently indicated for the treatment of ovarian, cervical, and small-cell lung cancer, and is in clinical trials for medulloblastoma and neuroblastoma [60] . TPT, a water-soluble camptothecin analog, has an a-hydroxyl lactone system that at physiologic pH exists in equilibrium between the active lactone and the inactive hydroxyl acid form [61, 62] . TPT exerts its anticancer effect by interacting with the topoisomerase I-DNA complex and preventing re-ligation of single-stranded DNA breaks. Although TPT is a substrate for both P-gp and BCRP, it has been shown to penetrate the BBB and BCSFB [63, 64] .
Morgan and colleagues measured plasma and CSF TPT concentrations in a phase I study of 15 patients receiving TPT as a 72-h continuous infusion along with tamoxifen and carboplatin [65] . CSF samples were obtained from eligible patients via lumbar puncture (LP) immediately prior to the end of the TPT infusion during the first course of therapy. The mean peak total (i.e., lactone and carboxylate) TPT plasma concentration at the maximally tolerated dosage (0.75 mg/m 2 ) was 5.98 nM, of which the TPT lactone was 1.18 nM. The total CSF TPT concentration observed at that dosage level was 1.66 nM, and the lactone CSF concentration was below the lower limit of quantitation (0.55 nM). The CSF lactone TPT was only measurable in one patient at the 1.0 mg/m 2 dosage level, and the value was 1.09 nM. The authors estimated the TPT CSF-to-plasma ratio for total TPT as 0.21, comparable to the values reported by Baker et al. in children with recurrent brain tumors receiving TPT as a 72-h continuous infusion [64] .
Motivated by the need to identify agents that could be administered intrathecally to treat tumors found in the meninges, Blaney et al. performed a phase I study to determine the optimal dose of TPT when administered daily for 5 days [66] . Intraventricular concentrations were measured to determine whether the maximum tolerated dose of TPT was also the dose that maintained TPT lactone CSF concentrations [2.18 nM for at least 8 h (theoptimal dose). Patients received intraventricular TPT administered (0.1 or 0.2 mg/dose) during induction, consolidation, and then every 4 weeks during maintenance. Ventricular CSF PK studies were performed in 18 patients on day 1, week 1 of induction, and in six patients after a single intralumbar TPT dose on day 1, week 3 (0.1 or 0.2 mg/dose). After the day 1 dose of intraventricular TPT at 0.2 mg, the median (range) estimated time TPT CSF lactone concentrations were above 2.18 nM was 24 h (10.9 to [24 h). The TPT concentration vs. time data from the patients receiving intralumbar TPT was variable with median (range) time to maximum concentration and maximum concentration of 4.5 h (0.43-6.3 h) and 0.12 lM (0.006-1.89 lM), respectively. However, all patients had TPT lactone concentrations above 2.18 nM for [8 h after lumbar drug administration. Using Monte-Carlo simulations the authors predicted that at the maximum dose of 0.2 mg, all patients were predicted to have TPT lactone CSF concentrations [2.18 nM for 8 h and 38 % of patients were predicted to maintain CSF concentrations [2.18 nM for at least 24 h.
Tyrosine Kinase Inhibitors
Tyrosine kinase inhibitors (TKI) are a class of drugs targeting specific enzymes that affect cell signal transduction pathways controlling cell proliferation, differentiation, and anti-apoptotic activity in cancer cells [67] . Administered orally, a number of these drugs have been reported to penetrate the human BBB despite conflicting preclinical studies that may suggest otherwise [68] . Their use in the treatment of primary brain tumors and brain metastases has been evaluated over the past 10 years.
Gefitinib, a small molecule TKI that reversibly inhibits epidermal growth factor receptor (EGFR), is marketed in over 64 countries outside the USA for the treatment of locally advanced or metastatic non-small-cell lung cancer (NSCLC) with sensitizing EGFR mutations [69] [70] [71] . Gefitinib has a molecular weight of 446 g/mol, is highly protein bound (*97 %), is a P-gp and BCRP substrate, and is distributed widely throughout the body after administration [72] .
Hofer and Frei obtained glioblastoma tissue and plasma samples from seven patients receiving gefitinib 500 mg/day [73] . The average (range) concentrations for tumor tissue and plasma were 7694 ng/g (2852-24103 ng/ g) and 339.7 nM (8-553 nM), respectively with a median tumor/plasma ratio of 37. However, it is difficult to interpret these results because one patient has three tumor tissue samples with three-fold variability and no plasma sample with which to compare. Moreover, high interpatient variability was observed in tumor penetration, which could be attributed to tumor heterogeneity, the degree of tumor vasculature in the sample, or the fact that some patients may not have achieved steady state because tumor and plasma samples were obtained as early as 5 days into treatment.
Zhao et al. obtained both plasma and CSF LP samples 4 h after administration of a standard dose (250 mg/day) of gefitinib on day 7 from 22 patients with lung adenocarcinoma (LA) with suspected or confirmed CNS metastases [74] . Plasma and CSF concentrations were 1100 ± 412 nM and 13.9 ± 10.3 nM, respectively, with an average CSF penetration ratio of 0.013 ± 0.007, consistent with a previously reported case study [75] . Though CSF penetration was poor, the authors found a significant correlation between the CSF and plasma gefitinib concentrations (p = 0.006). They also found that CSF penetration was higher in patients with CNS metastases (p = 0.042). The authors argue that actual CSF penetration ratio is closer to 0.5 considering the presumed free-drug concentration in blood (*3 % of total), and recommend doubling the gefitinib dosage to increase CSF penetration in future studies. However, this is assuming all the drug in CSF is unbound and gefitinib exhibits linear PK across dosages in the CSF and brain. One case study documented increased CSF concentrations with increasing gefitinib dosage, but further studies are needed to validate this result [76] .
Togashi et al. compared the CSF penetration of gefitinib and another TKI, erlotinib, in 15 Japanese patients with NSCLC or LA with CNS metastases and EGFR mutations [77] . Patients received either gefitinib 250 mg daily (n = 6) or erlotinib 150 mg daily (n = 7), and two patients received both drugs at different times. At steady state, total gefitinib CSF concentrations were 8.2 ± 4.3 nM with a CSF penetration ratio of 0.0113 ± 0.0036, similar to the Zhao study [74] . Total erlotinib CSF concentrations were 66.9 ± 39 nM with a CSF penetration ratio of 0.0277 ± 0.0045. These results might suggest that erlotinib has better CNS penetration than gefitinib, but the small number of patients studied, the wide interpatient variability, and heterogeneity in previous therapy (primarily radiation therapy) prevent one from reaching any firm conclusions.
Erlotinib is an EGFR targeting TKI that is FDA approved to treat NSCLC brain metastases with EGFRsensitizing mutations and is also approved as maintenance therapy for patients with progression-free survival after first-line therapy with platinum agents [78] . Based on evidence of CNS penetration, erlotinib is also under investigation for the treatment of primary brain tumors [79] . It has a molecular weight of 393 g/mol, is 92-95 % protein bound in human plasma, and its active metabolite, OSI-420, is a substrate for P-gp and BCRP [80, 81] .
Broniscer et al. collected CSF and plasma PK samples from a pediatric patient with glioblastoma receiving oral erlotinib 78 mg/m 2 daily (10 % lower than recommended adult dose of 150 mg/day) along with local irradiation [79] . Simultaneous serial CSF (via externalized ventriculoperitoneal shunt) and plasma samples were obtained on day 34 of therapy, and the CSF-to-plasma AUC ratio of erlotinib and OSI-420 was *0.07 and *0.09. Because of disruption of the BBB in high-grade gliomas, penetration into the brain may be higher, but further studies must be conducted to investigate this hypothesis.
Togashi et al. administered erlotinib 150 mg daily to eight Asian adult patients with NSCLC with CNS metastases and measured single simultaneous CSF and plasma erlotinib samples on day 8 [82, 83] . The mean ± standard deviation (SD) CSF penetration ratio of erlotinib was 0.045 ± 0.015, with an average CSF concentration of 106 ± 59 nM. The inclusion criteria permitted a wide range of disease severity with various prior therapies, which may limit replication of these results in a larger population.
Combination of erlotinib with other chemotherapeutic agents is under investigation to improve antitumor response in patients with LA. Yang et al. treated three patients with LA and leptomeningeal metastasis with pemetrexed, cisplatin, and erlotinib and an additional three patients with erlotinib alone [84] . Steady-state CSF and plasma samples were collected for patients receiving erlotinib only and patients receiving combination therapy. No statistical difference (p = 0.44) was noted for the mean ± SD erlotinib CSF penetration ratio between the erlotinib-only group (0.020 ± 0.005) and the combination group (0.023 ± 0.002), suggesting that adding pemetrexed/cisplatin to erlotinib therapy does not change the erlotinib CSF penetration. While the reported erlotinib CSF penetration was similar to those mentioned previously [77, 83, 85] , the small sample size necessitates further studies to substantiate these findings.
Lapatinib is FDA approved for use with capecitabine in previously treated patients with metastatic breast cancer overexpressing HER2 and is in clinical trials in combination therapies for both adult and pediatric brain tumors [78, 86] . Lapatinib has an intermediate molecular weight of 581 g/mol, is 99 % protein bound, and is a substrate for P-gp and BCRP [59, 68] .
In a recent study in children with CNS tumors, 900 mg/ m 2 of lapatinib was given orally twice a day for 28 days [87] . Three patients had a single matched plasma and tumor sample collected during surgery. The median (range) total plasma and tumor concentrations in the three patients with matched samples were 3.92 lM (1.68-9.17 lM) and 516 ng/g (173-599 ng/g), respectively. Although this study demonstrated encouraging lapatinib tumor penetration of *10-20 %, no difference in ERBB receptor inhibition was found by western blotting likely because free lapatinib concentrations were not sufficient for a significant PD effect.
Vivanco et al. conducted a multicenter trial enrolling 44 patients with recurrent glioblastoma receiving lapatinib 750 mg/day [88] . Surgery was performed and matched plasma and tumor samples were collected on day 7. Despite considerable interpatient variability in lapatinib plasma (324-3991 nM), and mean tumor concentrations (70-3826 nM), the results agreed with previously published results [89] . Tumor penetration ratios were only calculable in 23 patients and ranged (mean ± SD) from 0.03 to 2.16 (0.61 ± 0.6). Of note, lapatinib concentrations were not corrected for protein binding or blood contained within the tumor vasculature.
Morikawa et al. studied four patients with HER2-sensitive metastatic breast cancer receiving lapatinib 1250 mg/day for 2-5 days prior to surgical resection. Tumor tissue was collected during surgery and serum was collected before, during, and after surgery [59] . Lapatinib total tumor concentrations ranged from 0.7 to 77.2 lM at 2-3 h post-dose, tumor penetration ratios ranged from 0.19 to 9.8, and concentrations increased with the number of administered lapatinib doses because patients were not at steady state upon tumor resection. While serum concentrations were consistent between patients, high inter-and intra-patient variability in lapatinib tumor concentrations was observed.
Antifolates
Antifolates are a class of medications that exert their mechanism of action through intracellular depletion of reduced folates by inhibition of dihydrofolate reductase (DHFR) or thymidylate synthetase (TS), preventing the production of purines and pyrimidines for DNA and RNA synthesis [90] . Antifolates are widely used in the treatment of many diseases including malaria, rheumatoid arthritis, psoriasis, and cancer.
Methotrexate (MTX) is FDA approved for the treatment of acute lymphoblast leukemia (ALL), non-Hodgkin's lymphoma (NHL), osteosarcoma, psoriasis, and rheumatoid arthritis and is in clinical trials for adult glioma patients (NCT00463008) as well as children with choroid plexus carcinoma (NCT00602667) [91] [92] [93] [94] [95] [96] . It is a folate analog that undergoes intracellular polyglutamylation by folypoly-gamma-glutamate synthetase (FPGS) and irreversibly binds to DHFR. MTX has a molecular weight of 454 g/mol, is moderately (50 %) protein bound, is renally eliminated, and is a substrate for P-gp and BCRP [97, 98] . The PK and CNS penetration of MTX vary depending on the route of administration [4] .
Csordas and colleagues reported data on 153 pediatric patients enrolled on two separate ALL clinical trials between 1998 and 2010 receiving one to four courses of high-dose methotrexate (HDMTX) 2 or 5 g/m 2 over 24 h [99] . The median (interquartile range) CSF MTX concentrations 24 h after the start of infusion in patients receiving 5 and 2 g/m 2 were 1.7 lM (0.99-2.78 lM) and 0.62 lM (0.48-1.04 lM), respectively. The median MTX CSF penetration based on the ratio of 24-h CSF to serum MTX concentration was similar for both groups (0.025) and more than half of patients from each group achieved CSF penetration ratios between 0.01 and 0.03. A significant but moderate correlation (Spearman's r = 0.35) was observed between serum and CSF MTX concentrations in both groups at 24 h. It is difficult to compare these results with previous studies as details on CSF sample acquisition (collection site, sample volume) were not provided and only a single CSF sample was taken from each patient.
Jonsson and colleagues investigated the relationship between serum and CSF MTX PK and the risk of CNS relapse in children with ALL. This retrospective study examined 353 patients treated on two protocols who received HDMTX 5 or 8 g/m 2 over 24 h [100] . In a small subpopulation (34 patients) CSF MTX concentrations were collected at end of infusion (EOI) and values ranged from 0.29 to 10.5 lM with a mean (range) CSF/plasma ratio of 0.018 (0.002-0.12). The investigators used these data to develop a linear mixed-effects model for prediction of MTX CSF EOI concentration in the overall study population. The authors found the median serum MTX concentration and the number of courses with CSF concentrations [1 lM to be associated with a decreased risk of CNS relapse in different risk groups. However, this approach may not be applicable across patient populations owing to the high inter-patient variability in MTX PK and should be validated in a larger patient population. Additionally, the use of two different assays to measure MTX concentrations along with a lack of details regarding how CSF was obtained limit the interpretation of these results.
Blakely and colleagues from the New Approaches to Brain Tumor Therapy Consortium performed a clinical microdialysis MTX PK study in four patients with recurrent high-grade glioma to determine if therapeutic exposures were achieved in the tumor [101] . Microdialysis catheters were placed into brain tissue adjacent to the resection cavity or through the biopsy burr hole into the tumor 1 day prior to intravenous MTX administration (12 g/m 2 over 4 h). Cerebral drug penetration, defined by the area under the MTX concentration-time curve in brain ECF compared with plasma, was found to be greater in contrast enhancing tumors (0.28-0.31) than non-enhancing tumors (0.032-0.094), suggesting greater BBB disruption and drug exchange at contrast-enhancing sites.
Pemetrexed (PMX) is a multi-targeted antifolate that is FDA approved in adults for the treatment of nonsquamous NSCLC and mesothelioma, and is in a clinical trial with gemcitabine for pediatric medulloblastoma patients (NCT01878617) [102, 103] . It undergoes rapid polyglutamylation with greater potency (K m ) for mammalian FPGS than MTX (0.8 vs. 166 lM) [104] . PMX has a molecular weight of 427 g/mol, is *80 % protein bound, is renally eliminated, and is a substrate for P-gp and BCRP with limited tissue distribution [105, 106] .
Kumthekar and colleagues reported on 21 patients with brain or leptomeningeal metastases on two different protocols to investigate PMX CSF penetration and anti-tumor activity [107] . Patients received PMX IV over 10 min every 3 weeks and 18 patients enrolled on the PK study had a single paired CSF and plasma sample collected after the first dose while three patients with an Ommaya reservoir underwent serial CSF and plasma sampling. The authors report a median CSF-to-plasma AUC ratio of 0.02-0.03. A limitation of the study design is the PMX CSF C max is delayed compared with plasma C max and was likely not captured in patients that provided a single time point 30-60 post-infusion. In the three patients that underwent serial CSF/plasma sampling, the CSF C max occurred at 1, 4, and 6 h. The authors showed limited PMX CSF penetration in this study; however, additional studies are needed to accurately describe the CNS disposition and determine if a dosage-penetration relationship exists.
Antibodies
Monoclonal antibodies are large hydrophilic macromolecules that are often not considered in the treatment of CNS disease because of their perceived inability to penetrate the BBB at concentrations necessary for anti-tumor efficacy. Although one approach for monoclonal antibody penetration through the BBB is by receptor-mediated transcytosis systems present on brain endothelial cells, which allows the transport of macromolecules including proteins, this has not proved successful to date for anticancer drugs to treat CNS tumors [3, 108] . Currently, when treating CNS metastases, these agents may be combined with radiotherapy in an attempt to alter the integrity of the BBB and improve delivery of monoclonal antibodies.
Rituximab is an anti-CD20 monoclonal antibody that is FDA approved for the treatment of CD20-positive NHL, CD20 chronic lymphocytic leukemia, and in combination with oral MTX for moderate to severe rheumatoid arthritis [109] [110] [111] . Multiple case reports have been published describing rituximab CSF concentrations after intravenous or intraventricular administration [112] [113] [114] . The limited data on rituximab CNS PK from case reports show that it has some CSF penetration but exhibits extensive interpatient variability in penetration (e.g., 0.0016-0.176).
Petereit and Rubbert-Roth investigated the use of 4-weekly rituximab infusions (375 mg/m 2 ) in three adults with neurologic autoimmune disorders, two with multiple sclerosis (MS) [112] . A total of 14 paired serum and CSF samples were obtained pre-and post-treatment, but only half of the CSF samples were quantifiable and one patient did not have measurable CSF concentrations. In the MS patients, the median (range) CSF penetration at various time points is 0.0016 (0.0004-0.0024) and the highest CSF concentrations were 170 and 201 ng/mL, measured at weeks 3 and 4 respectively. Although the assay is not highly specific, the authors comment that depletion of CSF B cells is evidence of rituximab activity and its ability to penetrate the BCSFB. Ruhstaller and colleagues describe a case report of intravenous rituximab (800 mg/ week) given to a 38-year-old patient with NHL and CNS involvement [113] . After 4-weekly infusions, the patient received alternating weeks of intrathecal therapy and intravenous rituximab for a total of 12 rituximab intravenous infusions and five intrathecal administrations. Rituximab was measured in the CSF and serum 4 days after the six thin fusion and right after the seven thin fusion and demonstrated a CSF-to-serum ratio of 0.17 and 0.01, respectively. Harjunpaa and colleagues evaluated the use of 4-weekly rituximab 375 mg/m 2 infusions in a 57-year-old NHL patient with CNS involvement. Serial CSF and blood samples were collected with the first infusion and peak or trough samples with the other infusions [115] . CSF rituximab concentrations increased with the number of infusions but never exceeded 0.55 lg/ mL with a CSF penetration of 0.002. Without details on CSF sample collection, it is unknown if there are differences between ventricular and lumbar concentrations of rituximab.
Smoothened Inhibitors
The hedgehog (Hh) signaling pathway controls cell growth and differentiation during embryonic development [116] . In the majority of adults, this pathway is inactive, but has been implicated in the pathogenesis of two malignancies, basal cell carcinoma and medulloblastoma [117, 118] . Activation of the Hh pathway can cause tumorigenesis through mutations in PTCH1, smoothened (SMO), or through production of Hh ligand causing inhibition of PTCH1.
Vismodegib (GDC-0449) is a small-molecule Hh pathway SMO inhibitor that prevents downstream activation of Hh target genes. It received FDA approval in early 2012 for the treatment of adults with metastatic basal cell carcinoma or locally advanced basal cell carcinoma that has recurred after surgery or cannot be treated with surgery or radiation [119] . It is also undergoing clinical trials for numerous indications including medulloblastoma (NCT01239316) and chondrosarcoma (NCT01267955). Vismodegib has a molecular weight of 421 g/mol, is highly (99 %) protein bound, and has not been shown to be a substrate for efflux transporters in the brain.
In a study of 33 pediatric patients with recurrent and refractory medulloblastoma, Gajjar et al. provided a summary of vismodegib total and unbound plasma PK parameters [120] . A total of three patients with ventricular access devices consented to provide simultaneous ventricular CSF and plasma samples at 1, 3, and 8 h after the vismodegib dose. The ratio of vismodegib AUC 0-8 in CSF to plasma (total or unbound) was used as a measure of CSF drug penetration. The median (range) vismodegib drug penetration in CSF compared with total vismodegib in plasma was 0.0026 (0.0014-0.0062) and compared to unbound vismodegib in plasma was 0.53 (0.26-0.78). The interpretation of these results is complicated somewhat by the recent findings of Nguyen and colleagues with etravirin [121] , a drug highly bound to CSF proteins. These results show that CSF drug disposition could be affected by protein binding in the CSF, which would leads to the question of how different unbound vismodegib CSF disposition would be from total CSF drug disposition.
Discussion
In patients with primary or metastatic CNS tumors, the use of anticancer agents often does not result in an increase in overall survival. As reviewed above, few anticancer drugs can penetrate into brain and tumor tissue at sufficient concentrations for adequate duration (i.e., drug exposure) to cause a significant antitumor effect. It is assumed low unbound drug concentrations in the tumor will result in a lack of target site inhibition or cytotoxicity but rarely are PD studies conducted to confirm this hypothesis. It will be necessary for future studies to incorporate validated PD measures (e.g., biomarkers) to establish drug success or failure through the development of PK-PD efficacy relationships.
Many clinical CNS PK studies aim to collect both plasma and CNS tissue/CSF samples but are limited because of the number of patients enrolled and number of samples collected (often just one). A large variability is observed in the results because samples are collected at differing time points and occasionally sample collection time is not provided. Because multiple methods are used to determine CNS penetration in the clinical setting, comparisons among studies remain difficult. The use of CSF drug concentrations as a surrogate for brain and/or tumor penetration is misleading owing to differences in the brain, CSF, and tumor tissue barriers. In this article, we have highlighted limitations to the different methodologies used to assess the penetration of anticancer agents into the CNS, but given the complexity of the different barriers, tumor types, and drugs used we cannot provide a recommendation on the ''best'' methods to assess CNS drug penetration. However, we point the reader to several recently published articles focusing on techniques to determine CNS drug penetration [6, [122] [123] [124] [125] . Although each reported technique has different strengths and limitations, CSF sampling remains the most accessible method to estimate unbound drug concentrations in the tumor ECF [122] .
In conclusion, several issues should be considered when assessing the CNS exposure of drugs currently in clinical development or already in the clinic, or new chemical entities as they are evaluated in upcoming clinical trials. Because most drugs used to treat CNS tumors were initially identified to treat peripheral malignancies (most often leukemia or lymphoma where the drug target is located in plasma), these agents were specifically designed to not penetrate into the brain to avoid CNS side effects. There is a growing need for anticancer therapies in the treatment of CNS tumors as more effective systemic therapy has improved survival but is resulting in a growing incidence of brain metastases [126] . More recently, chemists have begun to design and develop analogs that are penetrant to treat CNS tumors [127] [128] [129] . With a renewed focus in drug development for treating CNS tumors, it will be crucial that precise and accurate quantitation of CNS exposures be determined so that systemic dosing can be optimized to improve the likelihood of increasing the survival in patients with CNS tumors.
